Photoaffinity labeling is a powerful tool to identify protein targets of biologically active small molecules and probe the structure of ligand binding sites, especially in the case of integral membrane proteins. 1 A difficulty with photoaffinity labeling is that the small molecule must retain biological activity after derivatization with a photoreactive group such as benzophenone 2 or 3-trifluoromethyl-3-phenyl diazirine. 3 While these substituents are effective photocross-linkers and have been incorporated into small molecules, 4 peptides, 5 and proteins, 6 their large size can potentially interfere with small molecule/protein interactions. The amino acid isosteres, photo-leucine and photo-methionine, have smaller alkyl diazirine side chains and were recently used to probe protein-protein interactions after random biosynthetic incorporation in cells 7 or via site-specific native protein ligation. 8 By contrast, the potential for incorporating these novel photoreactive amino acids into natural product scaffolds has not been explored. In this communication we report (1) an improved synthesis of photo-leucine, (2) incorporation of photo-leucine and an alkyne click chemistry tag into a cyclodepsipeptide inhibitor of protein secretion, and (3) identification of the inhibitor's target by photoaffinity labeling. (1) is a fungal cyclodepsipeptide that was first identified as an inhibitor of vascular cell adhesion molecule (VCAM) expression. 9 Recently, we 10 and others 11 discovered that related cyclodepsipeptides potently block the cotranslational translocation of VCAM and a subset of other proteins into the endoplasmic reticulum (ER), an early step in the biogenesis of secretory and membrane proteins. Biochemical experiments revealed that these compounds act at the ER membrane to perturb interactions between nascent ribosome-associated VCAM chains and the translocation channel. A heterotrimeric membrane protein, the Sec61 complex, forms the structural core of this channel 12 and thus emerged as a potential direct target of 1.
To identify the target, we designed photoaffinity probe 2, in which photo-leucine replaces leucine at position 4 of 1. We substituted N-methylphenylalanine at position 5, previously shown to have a negligible effect on potency. 13 A propargyl substituent was installed at position 1 to enable Cu(I)-catalyzed conjugation of a rhodamine-azide reporter 14 (click chemistry) after photo-crosslinking under native conditions (Figure 1 ). These conservative modifications were aimed at preserving the biological potency of 1 while providing the necessary functionality for target identification.
Synthesis of 2 required Boc-(S)-photo-leucine (6), which we prepared via ozonolysis of commercially available 4, 15 followed by formation of the diazirine by the method of Church and Weiss (Scheme 1). 16 Boc-(S)-photo-leucine was efficiently coupled to peptides (EDCI-HOAt) or deprotected (4 N HCl) to give the free amino acid in quantitative yield. This route is a significant improvement over the original six-step synthesis of (S)-photoleucine, which proceeded in low yield and required enzymatic resolution of a racemic intermediate. 7 Synthesis of 2 followed the solution-phase route developed by Boger and co-workers 13 with slight modifications. The diazirine side chain was stable to ambient light and the acidic and basic conditions used to prepare 2. We also synthesized 3 as a photostable control compound. Both 2 and 3 were equipotent to the natural product 1 at inhibiting VCAM expression in transfected cells (EC 50 ∼ 25 nM, Figure S1 ).
We incubated a crude ER microsome fraction with 500 nM 2 and irradiated the mixture with ∼350 nm light for 1 min. Proteins were denatured in 1% sodium dodecylsulfate (SDS) and subjected to standard click chemistry conditions using a rhodamine-azide reporter (see Supporting Information). Following electrophoresis, in-gel fluorescent scanning revealed a major rhodamine-labeled protein with an apparent molecular weight of ∼50 kDa ( Figure  2A, lane 1) . Labeling of this protein required both UV light (lane 5) and 2 (lane 6) and was competed by excess 3 (lanes [2] [3] [4] . Weak labeling of two additional proteins (∼60 and ∼40 kDa) was not competed by excess 3 and is likely nonspecific. Background labeling by the rhodamine-azide, independent of UV light or 2, was also observed (lanes 5 and 6).
The major cross-linked protein migrated on SDS gels with the same relative mobility as Sec61R, the largest subunit of the Sec61 complex ( Figure S2 ). Consistent with Sec61R as the primary target of 2, the ∼50 kDa rhodamine-labeled protein was immunoprecipitated directly from the click reaction mixture with an antibody raised against Sec61R, but not with a control antibody ( Figure 2B ).
To independently confirm that Sec61R is the photo-cross-linked protein, we prepared proteoliposomes reconstituted from either a detergent extract of ER microsomes, a Sec61-depleted extract, or a depleted extract replenished with purified Sec61 complex. 17 Depletion of the intact Sec61 complex from the detergent extract using antibodies against Sec61 18 was ∼90% efficient (as judged by immunoblotting for the R and subunits), whereas other ER proteins were not affected ( Figure S3 ). Compared to proteoliposomes derived from control extracts ( Figure 2C , lane 3), photocross-linking of 2 to the ∼50 kDa protein was significantly diminished in Sec61-depleted proteoliposomes (lane 1) and was restored after adding back purified Sec61 complex (lane 2). We conclude that Sec61R, thought to form the channel through which all proteins transit as they enter the secretory pathway, is the primary target of 2 in the ER.
Photo-cross-linking of 2 to Sec61R is remarkably selective given the proteomic complexity of the ER, which contains hundreds of membrane and luminal proteins; 19 Sec61R is a relatively minor constituent (∼0.7% of total ER protein). 20 We attribute this high selectivity to two factors. First, due to its similar size, shape, and hydrophobicity, photo-leucine likely forms intimate contacts with Sec61R in a manner similar to the leucine side chain of 1. Second, the short lifetime (nanoseconds) 21 of the carbene derived from 2 ( Figure 1 ) ensures that molecules not bound to Sec61R are rapidly quenched by intramolecular rearrangement, solvent, or membrane lipids. Despite the short lifetime, the photo-cross-linking yield of 2 to Sec61R was estimated to be ∼23% ( Figure S4 ). Thus, depending on the specific application, alkyl diazirines may offer advantages over the widely used benzophenone cross-linker. The modular cyclodepsipeptide scaffold of 1 should facilitate installation of a diazirine at multiple positions. High-resolution mapping of the cross-linking site(s) by mass spectrometry will likely shed light on the mechanism by which these compounds selectively inhibit cotranslational translocation. -S1 -
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I. Cell biological and photo-crosslinking experiments
Photo-crosslinking reactions in ER microsomes and reconstituted proteoliposomes
Canine ER microsomes that were stripped of ribosomes (prepared as previously described) 1 were incubated with or without 2 (500 nM) and 3 (0-20 µM, final concentration of 4% DMSO in all samples) in physiological salt buffer (PSB, 50 mM Hepes pH 7.4, 150 mM potassium acetate, 5 mM magnesium acetate) containing 250 mM sucrose (37.5 µL reaction volume, 1 mg total protein/mL) for 1 h at RT in the dark.
Samples were transferred to a single well of separate 96-well plates and photolyzed at RT. Photolysis was conducted using a Hg(Xe) lamp (Oriel Instruments, model 66923) operated at 1000 W using a filter with a maximum transmittance at 350 nm (#59810, Oriel Instruments) and a filter to absorb heat (#59044, Oriel Instruments). Samples were irradiated 6 cm from the source for 1 min (longer irradiation times did not increase the yield of crosslinking). A control sample was left in the dark. Following photolysis, the concentration of 3 was equalized in all samples (20 µM for Figure 2 and Figure S2 ) to control for the total concentration of alkyne present in the subsequent click reaction.
Samples were then diluted to 50 µL with PSB and sedimented through a sucrose cushion (0.5 M sucrose in PSB, 200 µL) by centrifugation at 100,000 rpm for 45 min at 4 °C in a TLA 100 rotor. The cushion was removed, the membrane pellet was resuspended in -S2 -31.5 µL of phosphate buffered saline (PBS, 137 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl, pH 7.4) and the membranes were transferred to a fresh tube for the click reaction (described below). Photo-crosslinking in reconstituted proteoliposomes was conducted as follows: proteoliposomes were incubated with 2 (250 nM) in PBS (20 µL reaction volume, 0.5 mg total protein/mL) for 1 h at RT in the dark. Samples were photolyzed as described above and 19.5 µL of each sample was transferred directly to a fresh tube for the click reaction (described below).
Click Chemistry
Click reactions were performed essentially as previously described.
2 Tris(benzyltriazolylmethyl) amine (TBTA) was synthesized as previously described. 3 The rhodamine-azide reporter (Rox-N 3 ) was synthesized from 5-(and-6)-carboxy-Xrhodamine succinimidyl ester (Invitrogen) and 3-azido propylamine as previously described. 2 To the photo-crosslinked microsomes (prepared as described above) were added the following reagents in order: 1% SDS (10% stock in H 2 O), 50 µM Rox-N 3 (2.5 mM stock in DMSO), 1 mM tris(carboxyethyl) phosphine (TCEP, 50 mM stock in H 2 O, pH 7), 100 µM TBTA (1.7 mM stock in 4:1 tert-BuOH/H 2 O), and lastly 1 mM CuSO 4 (50 mM stock in H 2 O). Reactions were mixed gently and incubated at RT for 1 h.
Laemmli sample buffer (5×, 7.5 µL) was added and the reactions were resolved by SDSelectrophoresis on 12% acrylamide mini-gels (BioRad). Gels were scanned for fluorescence (610 nm) using a Typhoon 9400 phosphorimager (Amersham). -S8 - 
To a stirred solution of N-[(2S,4R)-2-[N-[N-(tert-Butoxycarbonyl)-L-leucinyl]-N-methyl-
L
11
-S20 -elution: 60/40 to 100/0 over 23 min, R t = 18.5 min) to yield 69.0 mg (43%) of 11 as an off-white solid. 1 To a stirred solution of 11 (28.8 mg, 27.0 µmol) in DCM (4.2 mL, 6 mM) at 0 ˚C were added TFA (0.833 mL) and anisole (three drops) and the reaction was stirred until the NBoc and tert-butyl ester protecting groups were removed (as determined by LC-ESI-MS) (2 h). The solvent was removed with a stream of argon, the residue was dried under vacuum and then brought up in 4.0 M HCl/EtOAc (1 mL) for 30 sec. The solvent was again removed with a stream of argon and the residue azeotroped (2×) with toluene. The residue was then dissolved in DMF (25 mL, 1 mM), cooled to 0 ºC, and treated with
